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a  b  s  t  r  a  c  t
The  current  cell  oxygen  paradigm  shows  some  major  gaps  that  have  not  yet  been  resolved.  Something
seems  to be lacking  for the  comprehensive  statement  of  the oxygen  distribution  in the  cell,  especially
the  low  cytoplasmic  oxygen  level.  The  entrapment  of oxygen  in microtubules  (MTs)  resolves  the  latter
observation,  as  well  as the  occurrence  of  an  extensive  cytoplasmic  foam  formation.  It  leads  to  a  novel
oxygen  paradigm  for  cells.  During  the  steady-state  treadmilling,  the mobile  cavity  would  absorb  oxy-
genated  cytoplasm  forward,  entrap  gas nuclei  and  concentrate  them.  A  ﬂuorescence  method  is described
to  conﬁrm  the  in  vitro  load  of oxygen  in  MTs  during  their  periodic  growths  and  shrinkages.  The  latter
operating  mechanism  is  called  the gas  dynamic  instability  (GDI)  of  MTs.
Several  known  biosystems  could  rest on  the GDI.  (1)  The  GTP-cap  is  linked  with the  gas  meniscus
encountered  in a tube  ﬁlled  with  gas.  The  GTP  hydrolysis  is  linked  to the  conformational  change  of the
GTPase  domain  according  to the  bubble  pressure,  and to the  shaking  of  protoﬁlaments  with  gas  particles
(soliton-like  waves).  (2)  The  GDI provides  a free  energy  water  pump  because  water  molecules  have  to
escape  from  MT pores  when  foam  concentrates  within  the  MT.  Beside  ATP  hydrolysis  in  motor  proteins,
the  GDI  provides  an  additional  driving  force  in  intracellular  transport  of  cargo.  The  water  streams  ﬂowing
from  the  MT  through  slits  organize  themselves  as  water  layers  between  the  cargo  and the  MT surface,
and  break  ionic  bridges.  It  makes  the  cargo  glide  over  a water  rail.  (3)  The GDI provides  a universal  motor
for  chromosome  segregation  because  the depolymerization  of  kinetochorial  MTs  is  expected  to  generate
a  strong  cytoplasmic  foam.  Chromosomes  are  sucked  up  according  to  the  pressure  difference  (or  density
difference)  applied  to opposite  sides  of the  kinetochore,  which  is  in agreement  with Archimedes’  princi-
ple  of  buoyancy.  Non-kinetochorial  MTs  reabsorb  foam  during  GDI.  Last,  the  mitotic  spindle  is imagined
as  a gas  recycler.  (4)  The  luminal  particles  within  MTs  (called  MIPs)  are  imagined  as  a  foam  organizer,
the  luminal  proteins  being  part of the  borders  and  edges  of  identical  bubbles.  (5)  Last,  volatile  anesthet-
ics  could  destabilize  MTs  through  anesthetic-induced  bubble  nucleation  between  protoﬁlaments,  and
therefore  causing  shear  stress  and  the  opening  of MT.
The load  of  oxygen  in  MTs  might  provide  a major  advance  in  this  area  of  research.
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“For it is clear, ﬁrst of all, that we do not merely want truth
–  we want more truth, and new truth. We  are not content
with “twice two equals four”, even though it is true: we
do  not resort to reciting the multiplication table if we are
faced  with a difﬁcult problem in topology or in physics. Mere
truth  is not enough; what we look for are answers to our
problems.”
K.  Popper (1902–94), Conjectures and Refutations (Popper,
1963)
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1. Introduction and hypothesis
Microtubules (MTs) are hollow nanotubes present in all eukary-
otic cells (Amos and Schlieper, 2005). Insinna et al. (1996) have
admitted that “the mechanism underlying the dynamics of micro-
tubules and related microtubular structures was still an unsolved
mystery. . .”  probably due to the “lack of heuristic hypotheses capa-
ble of opening the way  to new experimental investigations.” The
present thesis aims to demonstrate that oxygen bubbles within the
lumen of MTs  in the cell could decipher many unresolved ques-
tions in biology. Indeed, according to Popper (1963) “Only if it is an
answer to a problem – a difﬁcult, a fertile problem, a problem of
some depth – does a truth, or a conjecture about the truth, become
Open access under CC BY license.relevant to science”.
The  ﬁrst section of this article will reveal some major gaps in
the current cell oxygen paradigm. Indeed, something seems to be
lacking for the comprehensive statement of the oxygen distribution
 license.
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n the cell. The possible entrapment of oxygen in MTs  throws light
n the latter gaps and lead to a novel oxygen paradigm for cells.
 ﬂuorescence method will be described in order to conﬁrm this
ypothesis.
Several new working mechanisms linked to the heuristic pres-
nce of gas in MTs  will be discussed; the dynamic instability will
aise the issue of how intracellular transport could be improved,
nd how the mitotic spindle could work. Then, the GTP-cap and
he luminal particles called MIPs within MTs  will be discussed using
oncepts of foam physics. To conclude, I shall propose how volatile
nesthetics could destabilize MTs.
. Materials and methods
The  scientiﬁc method is chosen according to the Inventor’s Para-
ox from G. Pólya (1887–1985) and its heuristic approach, which
ffers a set of strategies for solving mathematical problems:
“The more ambitious plan may  have more chances of success. . .
provided  it is not based on a mere pretension but on some vision
of  the things beyond those immediately present.” (Pólya, 1957,
p.  121)
The heuristic approach has been complemented by Bayesian
tatistics (Bayes and Price, 1763) that are already used in many
ther areas of science.
.  Previous experimental procedures supporting the
resence  of a load of oxygen in MTs
There is an average of 150 MTs  in a cultivated cell, each
ne measuring 50–100 m (Hiller et al., 1978). MTs  are built by
olymerization of tubulin dimers, into long protein chains called
rotoﬁlaments. Inner and outer diameters are respectively 240 and
50 A˚. From 9 to 16 protoﬁlaments (Chrétien et al., 1992; Andreu
t al., 1994; Pierson et al., 1978; Amos and Schlieper, 2005) are
on-covalently combined to form the wall of the MT.
First,  I would like to cite the following experimental procedures
ound in the literature, which comply with a load of gas in MTs.
Strikingly,  MTs  look like tiny cellulose ﬁbers. Liger-Belair et al.
(2002a)  have demonstrated that those “tiny hollow elongated
ﬁbers”  worked as sheltered crevices. When a glass was ﬁlled with
champagne, authors demonstrated that the CO2 could diffuse
freely  from the bulk into the cellulose microﬁbrils (Liger-Belair
et  al., 2004) then the cellulose ﬁbers concentrated the gas into
pockets.
A  solution containing MTs  appeared as a bright layer to the light,
and  this property was related to the turbidity (Mandelkow and
Mandelkow,  1992). This property could be explained (1) by the
MT  ﬂotation, and (2) by the partial reﬂection at the gas–liquid
interface, when light enters the foam inside MTs  (see Fig. 10).
Pictures  of the brightness of the solution (see Mandelkow) are
strikingly  identical to the foam on the surface of a glass of cham-
pagne  (see Liger-Belair and Le Champagne, 2009).
Changes in birefringence retardation are observed in spindle
microtubules (Salmon et al., 1975), and increased pressure
produces rapid, reversible decreases in spindle birefringence,
suggesting that the foam has been removed from the MTs  under
the  pressure.
When MTs  are assembled in a magnetic ﬁeld, they line up with
their  long axis parallel to the magnetic ﬁeld (Bras et al., 1998; Sato
et  al., 1975; Vassilev et al., 1982). Currently, these experiments are
not  fully explained. Since oxygen is paramagnetic (Thery, 2006),
MTs  could have lined up because of their oxygen load, entrapped
from  the laboratory’s atmosphere.18 (2014) 17–30
How high is the pressure in the predictive atmosphere of an MT?
Laplace’s law gives the pressure difference for sufﬁciently large
bubbles.
P  = 2 · 
R
(1)
with  P being the pressure difference across the ﬂuid interface, P
is also the capillary pressure in a tube,  the surface tension (or wall
tension) and R the diameter.
I  calculate the maximum pressure difference of a single bubble
as large as the MT  inner diameter: For 2R = 150 A˚, and into water
 = 0.0728 J ·m−2 at 20 ◦C:
P  ≈ 1.94 · 107 Pa
P ≈ 200 atm.
One oxygen atmosphere could be contained into an MT,  represent-
ing a 200 atm bubble in water at 20 ◦C. This in agreement with the
response to pressure exerted on MTs  (Salmon et al., 1975; Salmon,
1975). In one study, the degree of disorganization varied in the pres-
sure range of 290–400 atm (Bourns et al., 1988). Further, this high
pressure difference complies with the MT  high rigidity (Kikumoto
et al., 2006; Mizushima-Sugano et al., 1983).
4. How an oxygen load in MTs  resolves the major gaps in
the  current cell oxygen paradigm
Model of gas anisotropy in cell. Hereafter, I shall brieﬂy develop a
novel approach toward gas anisotropy in solution, in order to prove
that the current cell oxygen paradigm is unrealistic.
The rate of oxygen movement ıO2/ıt across muscle tissues has
been shown to conform to the one-dimensional diffusion equa-
tion for gases as originally modiﬁed by Krogh (1919) (for more
informations, see Sidell, 1998):
ıO2
ıt
= −KO2 · A ·
ıPO2
x
(2)
where  KO2 is the diffusion constant for oxygen, A is the surface area
through which the exchange occurs, ıPO2 is the partial pressure
gradient for oxygen across the diffusion path and x is the length of
the diffusion path. For the purpose of the following demonstration,
let an x-axis cross the cell membrane from the interstitial ﬂuid to
the cytoplasm, as depicted in Fig. 1. We  shall assume that the latter
equation is generally applicable to any cell.
Let ıVi and ıVa be two clusters of inﬁnitesimal volumes, each
one containing a few or no gas particles. Fig. 1 shows the 3D-grid
pattern generated by cutting the studied compartment up to the
ıV volumes. We  shall suppose that, during an inﬁnitesimal time
interval ıt, the gas particles in the ıVa have a greater space position
probability density than in the ıVi. This provides a straightforward
mathematical description for the gas anisotropy. Eq. 2 indicates that
an homogeneous bubble nucleation is expected to occur over the
whole length of the x-axis, as long as the oxygen distribution meets
the latter gas anisotropy conditions. In other words, the closest
quantum bubbles (containing just one gas particle) combine into
a bigger bubble (containing a few gas particles). According to the
anisotropy of ﬂuorescence quenching by oxygen in the cytoplasm
(Koren et al., 2012), and with the previous enlightenment on gas
anisotropy, a bubble nucleation is expected to occur everywhere in
the cytoplasm, as well as inside the membrane!
Further, the presence of many crevices, membrane irregularities
and lipid surfaces everywhere in the cell (Weathersby et al., 1982)
increases the probability of an extensive bubble nucleation, in other
words foam formation. All these unresolved problems are likely
to lead to the cell dysfunction as depicted in Fig. 2. They should
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Fig. 1. I. Model of gas anisotropy in solute. II. The antibubble gate of the plasma membrane. (1) The NADPH oxidase (an antibubble biomachinery) takes over the natu-
ral nucleation of O2−2O2 bubble (2), and breaks the bubble up as it releases superoxide quantum bubbles (O2•). Superoxide bubbles implode under the action of nitric
oxide (NO•) (3) resulting in peroxynitrite formation (ONOO•) and under certain circumstances nitrite formation (NO−2 ). O2
−O2 is an activated gas nuclei (4) engulf-
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Denis, 2013).
herefore have been strong driving constraints toward the natu-
al selection. Indeed no foam is observed in cells, and we should
xplain why.
From  the perspective of engineering, the best way to prevent
he danger of a foam formation is to prevent the smallest bubbles
o grow. As a matter of fact, I believe this is exactly the path that has
een selected for billions of years of species selection. The NADPH
xidase-NO system has just been identiﬁed as an antibubble
iomachinery (Denis, 2013). It provides a system that manages
nﬁnitesimal oxygen bubbles just above the cell membrane and
orks as an antifoam gate (see Fig. 1). However, the ıVi isotropic
istribution is a purely theoretical view, because gas particles
ove randomly and very rapidly. Eventually, a ıVa anisotropic
ig. 2. Toxicology of bubbles (heuristic). Two A and B membrane cells (or mitochondria
or the following reasons: (1) one nanobubble has a huge pressure difference; it has bee
edia causes the cells to lyse (Kilburn and Webb, 2004). The bubble pressure should cau
he dispersion of the bubbles also needs to be addressed when these reach a critical dia
itochondria cannot support any bubble nucleation, since one bubble may  act by physi
ubble  is a diffusion shield and could be responsible (4) for receptor failure, transporter ie. The NADPH oxidase–NO antibubble initially published in Medical Hypotheses
distribution is the rule in aqueous chemistry. A ıVa distribution
provides a snapshot of the usual oxygen diffusion process, whereas
the ıVi distribution is unlikely to occur. Therefore, in cells and
from time immemorial, oxygen concentration in any ıV volume
should be maintained at an extremely low level. It reduces the
opportunity for the gas particles to combine into larger and larger
bubbles. Failure in the antibubble biomachinery would give rise to
increasingly large bubbles, leading inevitably to the cell death.
If  low oxygen levels are just found in cells (Wittenberg and
Wittenberg, 2003, 1989; Koren et al., 2012), how this is possi-
ble remains undetermined. The current oxygen paradigm for cells
proposes that oxygen essentially follows two major routes (Sidell,
1998): (a) in a physical solution in the solvent system of the cell,
) are represented, separated by the interstitial ﬂuid (ISF). Bubbles are undesirable
n demonstrated that sparkling air or oxygen into mammalian cell culture growth
se shear stresses in the cytoplasm and within membranes. (2) The issue regarding
meter. There is no enzyme against large bubbles. (3) Electron transport chains in
cal crowding (for the crowding effect, see Ellis, 2001; Minton, 1998). Therefore, a
nability (Roth et al., 2008) and membrane dysfunction.
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The  plausible link between volatile anesthetics and MTs  will
conclude the discussion paragraph.0 P.A. Denis / BioSys
nd (b) bound as a dissociable ligand to an oxygen-carrying macro-
olecule, mainly myoglobin (Wittenberg and Wittenberg, 1989).
owever, Wittenberg and Wittenberg (2003) have been struck by
the fact that muscles and plant root nodules, having available an
lmost limitless supply of oxygen, actually operate at those low
xygen pressures where myoglobin or leghemoglobin are partially
esaturated with oxygen (. . .)  Muscle and heart, despite access
o almost unlimited oxygen, operate in steady states close to the
xygen pressure (0.33 kPa = 2.5 torr) required for half-saturation of
arcoplasmic myoglobin with oxygen”. Further, the genetic inac-
ivation of the myoglobin gene in mice leads to viable animals,
ithout any obvious signs of functional limitations (Flögel et al.,
001; Gödecke et al., 1999)! Although how inﬁnitesimal bubbles
re managed has just been deciphered through the presence around
he cell of the antibubble gate. . .,  how oxygen is maintained at its
ow concentration has never been explained! Consequently, many
as nuclei should be hidden in undiscovered buffer zones.
The  non-random distribution of the ﬂuorescence quenching by
xygen in the cytoplasm complies with an oxygen conﬁnement in
peciﬁc cell structures (Benson et al., 1980); in fact, the non ﬂuores-
ent areas could be hidden oxygen stores. Knowing (1) the cardinal
ink of mitochondria to oxygen, and observing (2) the steady attach-
ent of MTs  to mitochondria (Heggeness et al., 1978) and, (3) that
Ts  mediate the mitochondrial distribution in ﬁssion yeast (Yaffe
t al., 1996) lead to the heuristic proposition that MTs would act
s the required oxygen stores. Last, Benson et al. (1980) believed
hat the oxygen distribution appeared associated with speciﬁc cell
tructures.
The load of oxygen in MTs  leads to a new oxygen paradigm for cells.
The loading of gas is linked to an anti-crowding process, buffer-
ng oxygen and avoiding the related bubble nucleation in the
ytoplasm (for the crowding effect, see Ellis, 2001; Minton, 1998).
his could prevent the production of reactive oxygen species (ROS)
nd the related deleterious oxidation in the cell. Therefore, MTs
ppear to behave as a true cytoplasmic antifoamer. MTs  would
ontinuously supply the mitochondria with oxygen at a very low
oncentration. It would prevent its respiratory chains from crowd-
ng, when oxygen level increases too much. This is consistent with
he lack of oxygen gradient between the cytoplasm and the mito-
hondria (Vanderkooi et al., 1990). In this case and toward oxygen,
n MT,  such as myoglobin, is more likely a buffer zone than a storage
rea.
The presence of a perinuclear MT  web, in contact with the
erinuclear microtubule organizing center (MTOC) (Hagan, 1998;
traube et al., 2003) would protect DNA against the diffusion of
xygen into the nucleus. High oxygen concentration may  be toxic
or DNA (Balin et al., 2002), because high oxygen tension leads to
OS being produced. The fact that the minus ends of MTs  face the
uclear side (Hagan, 1998) is a strong argument toward an oxygen
ntrapment from the cytoplasmic plus end during the MT  growth.
.  Experimental procedures in order to prove the load of
xygen  in MTs
Many  experimental procedures could be carried out as regards
he presence of oxygen in MTs. Numerous methods for direct and
ndirect assessment of O2 in the cell and tissue exist (Koren et al.,
012). The following method will propose to optically measure
O2 using the phosphorescence quenching method (Vanderkooi
t al., 1987). Such probes are delivered directly into the medium
f interest, where they serve as molecular sensors for oxygen
Finikova et al., 2008). “The studies show quenching by oxygen
o be a diffusion-controlled process in which every collision with
he excited ﬂuorophore is effective in quenching” (Lakowicz and
eber, 1973). Further, “in such measurements the decay time of18 (2014) 17–30
ﬂuorescence or phosphorescence after excitation by a light pulse
is oxygen dependent. These dyes have the speciﬁc advantage that
their decay times are relatively long (s range) and they are water
soluble” (Sinaasappel and Ince, 1996), which is a great advantage
for water-soluble tubulin solutions.
Object. Oxygen measurements of tubulin solutions using quan-
titative phosphorescence/ﬂuorescent video microscope.
Materials and methods
• Instrumentation.  Phosphorescence or ﬂuorescent video micro-
scope
• Chemicals.
–  Pure lyophilized bovine or sheep brain tubulin reconstituted in
de-ionized water,
– Oxygen probes (e.g.):
*  IrIII–porphyrins (Koren et al., 2012) or,
* PtII– or PdII–porphyrins (Papkovsky et al., 1995)
The  choice of dyes will depend on the compatibility with MT
polymerization (Gell et al., 2010).
• Experimental conditions. Experiments will be performed to
investigate  the effects of temperature and MT  inhibitors on
quenching  ﬂuorescence (see Graph 1) as follows:
1. Microtubule assembly in pO2 controlled1 Tubulin Polymer-
ization Buffer,2 at 37 ◦C for 30 min. During this time, MTs  are
polymerized to steady-state.
2. Oxygen probes are loaded in cover plates for real-time moni-
toring of oxygen gradients.
3. Fluorescence plateau at 37 ◦C,
4. Lowering the temperature down to 4 ◦C, MTs  disassemble at
low temperatures (0–4 ◦C) and assemble when the temperature
increases (30–37 ◦C) (Tilney and Porter, 1967). This is also the
method currently used to purify tubulin (Miller and Wilson, 2010).
5.  Increasing the temperature up to 37 ◦C with and without MT
inhibitor. MT inhibitor (or anti-mitotic drugs) could be nocoda-
zole, vinblastine or podophyllotoxin (Jordan et al., 1992).
Results. Theoretical results of real-time monitoring of ﬂuores-
cence of tubulin solutions are summarized in Graph 1. It shows that
cold-induced shrinking MTs  might release oxygen in the bulk. The
experiment could be extended to dividing cells, in order to demon-
strate the release of O2 by kinetochorial MTs  on poleward sides of
chromosomes (see the corresponding argument in this article).
6.  Discussion
I shall hereafter depict some new working mechanisms linked
with the heuristic presence of gas in MTs:
• the  (gas) dynamic instability of MTs:
– the role of MAPs
– the MT  water pump and the intracellular MT  transport,
– the chromosome segregation;
• the  GTP-cap and the GTP hydrolysis and
• the  role of luminal particles within MTs.1 Controlled pO2 e.g. with a Clark electrode.
2 Tubulin Polymerization Buffer e.g. 80 mM PIPES, 2 mM MgCl2, 0.5 mM EGTA, pH
6.9, 1 mM GTP 10.2% glycerol.
P.A. Denis / BioSystems 118 (2014) 17–30 21
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xpected to release their oxygen load in the bulk. This could be demonstrated by m
C)  control with pO2 buffer without tubulin (“noise”). (D) Same as A with an anti-m
.1. The (gas) dynamic instability
.1.1. How the MT  could load oxygen
Individual MTs  can be accurately followed in real-time using
ideo-enhanced DIC (differential interference contrast) microscopy
Yenjerla et al., 2010). MTs  exist in persistent phases of either
longation or rapid shortening, with each phase proceeding at
 relatively constant velocity (Cassimeris et al., 1988). Random
nd abrupt transitions between these phases are described by the
ynamic instability model of MT  assembly (Mitchison et al., 1984).
n vitro, after 30–40 min, the fascinating aspect of steady-state
readmilling is observed. During the steady-state treadmilling, the
obile cavity, namely the MT,  would absorb cytoplasm and gas
ig. 3. Two head-to-tail MTs  taken from a bundle are represented having cooperative dyn
T  are carried by the plus end of the following MT.  During the steady-state treadmilling
ntrap  gas nuclei and concentrate them (see 1 → 4).lled buffers (4 experiments). Cold induces the depolymerization of MTs  that are
ring using ﬂuorescence quenching. (B) Control with tubulin +pN2 buffer (pO2 = 0).
drug.
nuclei  forward, then entrap any gas nuclei and concentrate them
(see Fig. 3).
The  latter mechanism complies with the dynamic of animal
and plant microtubules (Buschmann et al., 2010), where MTs  tend
to come together in parallel bundles. In Fig. 3, I have depicted 2
head-to-tail MTs  taken from a bundle. They are represented having
cooperative dynamic instabilities, since the tubulin dimers coming
from the minus end of the ﬁrst MT  are carried by the plus end of
the following MTs.
Graph  2 shows that the volume of gas entrapped by an MT
is time-dependent when the MT  is growing, then steady dur-
ing the elongation period. During the total observation time, the
steady-state treadmilling has increased the area of the internal MT
amic instabilities, since the tubulin dimers coming from the minus end of the ﬁrst
, the mobile cavity (the MT), would absorb cytoplasm and gas nuclei forward, then
22 P.A. Denis / BioSystems 118 (2014) 17–30
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traph 2. History graph of individual microtubule assembly dynamics (dotted line) a
ress. Initially published in Journal of Cell Biology. 107: 2223–2231. doi:10.1083/jc
icrotubule dynamic instability in living cells. The Journal of Cell Biology, 107(6), 2
nterface by up to 40%, but also the internal volume (see Appendices
 and B for an extensive description of the calculus). Eventually,
he dynamic instability appears as a process that increases the ﬁl-
er capacity of MTs  as regards the dissolved gas. I call this possible
ew phenomena the gas dynamic instability (GDI).
.1.2. The role of MAPs
The  microtubule associated proteins (MAPs) that cross the MT
alls (Amos and Schlieper, 2005) strongly promote MT  nucle-
tion and elongation and reduce the critical tubulin concentration
equired for self-assembly (Miller and Wilson, 2010). MAPs are
xpected to allow a higher gas load into the MTs. At the initial step
f the MT  formation, it is likely that the oxygen bubbles are very
mall, which is expected to provide a strong pressure difference
see Appendices A and B). MAPs help nascent protoﬁlaments to
ind, when the pressure is at its highest. Sometimes, MTs brutally
islocate. It is an unexplained phenomenon called “catastrophe”
Cassimeris et al., 1988). The catastrophe is explained as follows:
he MT  explodes as a result of a gas overload, in vitro, and when
xygen is not consumed by mitochondria.
They are two major situations where the gas dynamic instabil-
ty could operate. First I shall describe the GDI as a thermodynamic
rocess which gives rise to water streams through the MT  pores,
he latter water streams being a driving force for microtubule-
ased cargo transport. Then, I shall describe how the GDI could be
nvolved as the driving force behind the chromosome movement.
.1.3.  The MT  water pump and the intracellular MT transport
Protoﬁlaments and tubulin dimers make large regular angström
lits along the MT  length (Li et al., 2002): when gas nuclei combine
nto bubbles, the pressure difference has to reject water through
he porous walls. Ions could be rejected to the opposite end of the
T.
Let one MT  be the studied semi-closed thermodynamic system.
he gas dynamic instability is depicted as a thermodynamic process
see Fig. 4), characterized by a periodic phase transition between
wo phases of matter. The GDI works as a four-stroke engine. During
ne elongation period where a single thermodynamic cycle occurs,
he pressure–volume diagram in Fig. 4 consists of four phases:total gas load (solid line). Graph without the solid line © 1988 Rockefeller University
6.2223 (Cassimeris, L., Pryer, N.K., & Salmon, E.D. (1988). Real-time observations of
231).
1. Gas admission: loading of gas particles and gas nuclei into the
mobile  cavity,
2. Expansion of the bubbles in the MT,
3.  Compression of the bulk within the MT;  then ejection (pumping)
of  water through slits,
4. Exhaust, until the thermodynamic equilibrium is reached.
The GDI is imagined as a water pump which could be involved in
intracellular MT  transport. There is evidence that ATP-driven motor
proteins such as dynein and kinesin are involved in MT  transport
cargo (Blehm et al., 2013). However, in these conditions, the vesicle
membrane and the MT  surface are very close to each other. Then,
ionic bridges should prevent cargo movement, due to the latter
sticky forces. To my  knowledge, no study has ever resolved this
gap. Does the solution lie in the gas dynamic instability?
First, according to the latter GDI, when a cargo slides along an
MT, speciﬁc motor protein’s subunit(s) could act as paddles, and
transform the streams of water escaping from MT  pores into a
mechanical work. Further, the ﬂow of water through the periodic
holes could help the motor proteins to detach themselves from
the MT  surface after their periodic attachment. This complies with
the main current mechanisms of power stroke of dynein (Oiwa
and Sakakibara, 2005). Fig. 5 resolves the current gap of the sticky
cargo. Water streams organize themselves as water layers into the
small compartment standing between the vesicle, the MT  and the
motor protein (see C). Hence, hydrogen bonds take the place of ionic
bridges. In other words, water layers emerging from MT  holes could
reduce the friction forces within the gel-like cytoplasm, because H
bonds are weaker than ionic bridges. Further, free water becomes
limitless as regards ATP hydrolysis.
Acetylation of ˛-tubulin residue Lysine-40 (K40) has been cor-
related with increased intracellular transport (Soppina et al., 2012).
Thanks to a 3D visualization, there is evidence that the helical dispo-
sition of hydrophobic residues from acetylated tubulin periodically
hides water slits between tubulin dimers. Consequently, it modu-
lates the pressure of streams coming from non-hidden holes.
Finally,  beside the action of ATP hydrolysis in motor protein, the
GDI provides an additional driving force in MT-based cargo trans-
port. Vesicles are imagined surﬁng over a few water layers, a kind
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pig. 4. The gas dynamic instability (GDI) of an MT.  Theoretical thermodynamic cycle
f water rail driven by the MT.  Acetylation would provide helical
ater rails.
In  what follows, a novel working mechanism for the chromo-
ome transport will be described, which supports the MT  dynamic
nstability as a gas-absorbing biomachinery.
ig. 5. The gliding/surﬁng model of intracellular microtubule transport. (A) and (B) 3D 
roteins could act as paddles, and transform the streams of water escaping from MT  pore
ection  of the cargo and the MT.  Water streams ﬂowing from the MT through slits organi
hat stuck the cargo with the MT.  It makes the cargo glide over a water rail. For the sake o
ressure.e growing MT.  For the sake of clarity, the MT  has been depicted without elongation.
6.1.4.  The gas dynamic instability provides the free energy for
chromosome movementAccording  to Mitchison and Salmon (2001), “so far neither
genetics nor biochemistry has revealed a single key molecular
mechanism at the heart of anaphase A or B movement”. Since MTs
modeling of a cargo attached to a microtubule (MT) with a motor protein. Motor
s into a mechanical work, during the gas dynamic instability. (C) Longitudinal cross
ze themselves as water layers then hydrogen bonds take the place of ionic bridges
f clarity, bubble enlargement in the MT has not been depicted (see Fig. 4). P means
24 P.A. Denis / BioSystems 118 (2014) 17–30
Fig. 6. The “Archimedes’ model” of anaphase. (A) The gas dynamic instability in the mitotic spindle provides a universal motor for chromosome movement. The density
around kinetochores decreases dramatically although the density of opposite sides is high. This is Archimedes’ principle of buoyancy where a kinetochore is believed to be a
ﬂoat.  Actin polymerization in the equatorial plane as well as the membrane closing provide both a strong additional hydrostatic pressure. These forces pull chromosomes to
t tabilit
r kineto
t
b
c
c
c
d
(
a
b
t
ﬂ
D
i
k
K
a
i
g
f
i
m
b
n
o
e
o
b
i
ahe  pole. Oxygen is recycled over the whole mitotic spindle during gas dynamic ins
elease  of its oxygen load. For the sake of clarity: linkers between the kMT and the 
urn over rapidly in the mitotic spindle through the dynamic insta-
ility (Zhai et al., 1995), could the GDI help us to unravel how
hromosomes move?
When  gas particles escape from an opening tube, it dramati-
ally decreases the density of the bulk around the tip, because it
reates a foam. According to the main purpose of this article, the
epolarizing ending of an MT  should lose gases contained therein
see Fig. 6). Therefore, during cell division, the opposite sides of
 kinetochore experience a force generated by the difference in
oth bulk densities. This force actually is a pressure difference,
hat pulls the chromosomes to the pole. This is the principle of
oatation. In other words, chromosomes are sucked up during the
am1-controlled depolymerization. In actual fact, how this process
s described (pressure or ﬂotation) will depend on which side of the
inetochore the observer stands.
This revolutionary working mechanism is in agreement with
oshland et al. (1988): “by a process that does not require motor
ctivity, kinetochores allow chromosomes to track the depolymer-
zing ends of microtubules, which are the primary site of force
eneration”. Further, the energy for this movement is solely derived
rom microtubule depolymerization, and there is evidence that
t does not result from ATP hydrolysis by a minus end-directed
echanoenzyme (Coue et al., 1991).
The function of non-kinetochorial MTs  (non-kMTs) is unknown,
ut they account for 85–90% of the spindle (Zhai et al., 1995). In this
ew model, non-kMTs should be numerous, because the opening
f the kMTs generates a strong foam around the kinetochores. It is
asy to imagine that this foam needs a lot of growing MTs  for the
xygen to be absorbed. At the polar-end, the kMT  dynamic insta-
ility absorbs gas particles from non-kMTs. Eventually, the oxygen
s recycled over the whole mitotic spindle.
There is no contradiction in the possible involvement of dynein
nd kinesin as tracks for the chromosome movement (Don, 2008),y. (B) Dam1-controlled depolarizing of kinetochorial MT  (kMT) ending leads to the
chore have not been represented, and just one kMT  has been drawn.
which  could be additional motors as seen previously in the section
on cargo transport.
The  “Archimedes’ model” of mitosis resolves the challenging
paradigm of the chromosome transport. It could take place uni-
versally in any eukaryotic cells. It emphasizes the gas dynamic
instability as possibly true.
This  model could be conﬁrmed using an iridium-porphyrin
probe for sensing oxygen foam around kinetochores, the latter
probe being currently used in vivo to measure the anisotropy of
ﬂuorescence quenching by oxygen in the cytoplasm (Koren et al.,
2012).
6.2. The GTP-cap
Since  the pioneered work of Mitchison and Kirschner on MT
dynamic instability (Mitchison et al., 1984), there is evidence that
tubulin dimers incorporated at the tip of a growing microtubule
form a guanosine-5′-triphosphate (GTP)-tubulin cap. Self GTP
hydrolysis occurs at the ˇ-tubulin subunit after incorporation of the
tubulin dimer into the microtubule lattice. Bowne-Anderson et al.
(2013) used the term “coupled” hydrolysis to describe an immedi-
ate effect of polymerization on hydrolysis. However, “despite the
large number of experimental studies of this dynamical process, its
mechanism is still unclear” (Quiniou et al., 2013). To clarify these
issues, I shall brieﬂy present a physical explanation, that accounts
for all the main experimental observations.
A bubble in a tube is characterized by a spheroid interface
between the gas and the bulk, the latter interface being called
meniscus (see Fig. 7). On a very small scale, the last nanometers on
top of the tube cannot sense the pressure difference arising from
the bubble presence.
Further,  a bubble is characterized by its water interface,
which is a kind of water skin. The very high speed gas particles
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Fig. 7. The meniscus model of GTP-cap. Tubulin dimers polymerize to an existing MT which is ﬁlled with gas. On the left, I have shown the meniscus in a tube ﬁlled with gas,
the  tube being submerged by water. The meniscus of an MT cannot sense the pressure arising from the bubble (see large arrows). Beside the meniscus, tubulin dimers are
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form the border of a bubble. Then, I have repeated the same oper-haken  by the steady gas bombardment within the inner MT  wall. Then, the nucleot
ibrate at a very high frequency (see double arrows) according to the gas presen
eprinted from Amos and Schlieper (2005), Copyright 2005 (Figure 4 (p. 6)), with pe
see Boltzmann, 1896, p. 35) collide with the water molecules
urrounding the MT  wall. Further, there is evidence that these
ater molecules are likely to be ordered along the MT  walls
Mavromatos and Nanopoulos, 1998; Rosa and Faber, 2004). The
oltzmann kinetic theory of gases (Boltzmann, 1896; Feynman,
963) describes a gas as a large number of small particles, all of
hich are in constant, random motion and collision; the number
f collisions that a nitrogen molecule experiences at 15 ◦C and at a
tandard barometric pressure has been calculated to be 4700 mil-
ion per second (see Boltzmann, 1896, p. 95), and oxygen is likely
o share the same behavior. Eventually, the gigahertz-colliding gas
articles transmit their energy to the water skin, then to the MT
all.
How can we explain the GTP-cap? How can we explain the GTP
ydrolysis?
First, when GTP-tubulin dimers associate with the growing end
f an MT,  namely the meniscus of the tube, they cannot sense the
ubble pressure. Further, a few layers deeper, GTP-tubulin dimers
ome into contact with the bubble, in other words into contact with
ew physical outcomes: pressure and water waves. There, the pres-
ure difference is high according to the above calculus. These two
vents could account for the nucleotide hydrolysis, through some
ressure-induced changes of conformation in the GTPase domains.
or example, the bubble pressure could realize the contact between
elix H8 and loop T7 of the activation domain of another ˛-tubulin
omain with GTP, the latter domains being known to promote
ydrolysis to guanosine diphosphate (GDP) (Nogales et al., 1998).
his hypothesis certainly requires further 3D modeling to deter-
ine its physical reality.
Since  the water along the MT  walls vibrates according to the gas
resence, the nucleotide-binding site and the region that interacts
ith the nucleotide of the next tubulin subunit in the protoﬁla-
ent are likely to slide at a very high frequency, following the
haking of the dimers. This is in consistent with the previousnding site and helix H8 and loop T7 of the next tubulin subunit in the protoﬁlament
itonic vibrations are likely to promote the GTPase activity. Helix H8 and loop T7
ion from Elsevier.
soliton-like movements theories between adjacent heterodimers
(Buljan et al., 2013), as well as along protoﬁlaments (Georgiev
et al., 2007; Pokorny`, 2003, 2004; Kucˇera  and Havelka, 2012).
Water molecules in the bubble’s frontier have a strong kinetic
energy that could enhance the condition for the hydrolysis of the 
phosphate.
Last, the presence of a bubble in the MT deciphers the GTP-cap
as a meniscus; and establishes a link between GTP hydrolysis and
the transverse vibrations of the GTPase domain according to GTP.
And ﬁnally, the hypothesis of the load of oxygen in MTs is strongly
reinforced. This is also in agreement with a cooperative hydrolysis
mechanism, because adjacent protoﬁlament movements are linked
with gas-induced water waves.
6.3. The luminal particles within microtubules (MIPs)
The state of the art in ultrastructural studies of microtubules
shows a complex intraluminal network of proteins (Sui and
Downing, 2006), called microtubule intra proteins (MIPs). Many
studies resolve the 3D density map  of MIPs using cryo-electron
tomography and image averaging (Sui and Downing, 2006).
These non-tubulin components show regular/periodic arrange-
ment (Nicastro et al., 2006). Fig. 8 provides an inside view of the
3D structure of the A-tubule from an axonemal doublet of Chlamy-
domonas. MIPs are believed to be solvated, as any protein would
be. In an MT  loaded with gas, MIPs could be involved on the edges
and borders of gas bubbles. In Fig. 8, I have linked adjacent MIPs
(MIP1 → MIP2 → MIP4). Then, it appears that three adjacent MIPsation farther in the MT.  Strikingly, it leads to a strange metameric
arrangement. It appears that MIPs divide the MT  volume into small
equivalent cells/bubbles.
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Fig. 8. The model of bubbles of MIPs. The presence of gas particles within the A-tubule from an axonemal doublet of Chlamydomonas is expected to generate identical
(  by w
M  M.E., 
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pmetameric) nanobubbles in the tubule (see C). Bubble borders (B) are supported
IPs  (see A) then 3D map  (see B) from Nicastro, D., Fu, X., Heuser, T., Tso, A., Porter,
icrotubules in ﬂagella. PNAS, 108(42), E845–E853 (Fig. 4) doi:10.1073/pnas.11061781Fig. 9, although highly speculative, shows that holes in water
lms provide a helical path for a few gas particles, otherwise they
ould be prevented from travelling within the whole MT  volume,
eing enclosed in one of the metameric bubble. Diaphragm-like
ig. 9. Speculative 3D modeling of suspended MIPs in a cytoplasmic MT.  Mind representa
educed  to hard spheres, and if the collisions against the wall of the compartment are assum
nalysis  of gas cavities from Turrell (1997)). The gas particle with a mass m is “specularly
rovide a helical path for a few gas particles.ater ﬁlms that surround Microtubule Intra Protein (MIP1, MIP2, MIP4). 2D map  of
& Linck, R.W. (2011). Cryo-electron tomography reveals conserved features of doublet
odiﬁed.walls  are created by cytoplasmic MIPs, which seem to be sus-
pended within the MT  lumen (Nicastro et al., 2011). I assume that
this picture could be the result of a wild imagination, and not the
reality. According to Pólya (1957), “whatever may  or may  not be
tion of diaphragm-like septa created within the MT  lumen. If the gas molecules are
ed to be elastic, the normal component of the velocity is reversed (according to the
 reﬂected” by analogy with Snell’s law in optics. Holes in water ﬁlms (=diaphragm)
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Fig. 10. Plausible working mechanism of volatile anesthetics (such as halothane) in MTs. Two protoﬁlaments from an MT have been represented. Volatile anesthetics (small
rods)  bind in numerous unspeciﬁc sites on MTs  (1) and more likely in preexisting hydrophobic cavities (Craddock et al., 2012). Their amphiphilic properties enhance the
conditions for an oxygen bubble nucleation (2) in various hydrophobic cavities found on tubulin protein. Bubbles cause shear stress between adjacent protoﬁlaments (3)
that  destabilizes MTs (4). On the right, light was depicted scattering into foam, therefore increasing the optical density. A solution containing MTs appeared as a bright layer
to  the light, and this property was related to the turbidity (Mandelkow and Mandelkow, 1992). This property is linked with the partial reﬂection at the gas–liquid interface,
when light enters the foam inside MTs. Some of putative volatile anesthetic binding sites on the tubulin body from Craddock, T.J.A., St. George, M.,  Freedman, H., Barakat,
K.H., Damaraju, S., et al. (2012). Computational predictions of volatile anesthetic interactions with the microtubule cytoskeleton: implications for side effects of general anesthesia.
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he merits of the theory of subconscious work, it is certain that
here is a limit beyond which we should not force the conscious
eﬂection”. However, I believe that these ﬁndings could be of
nterest to elucidate the ﬂagella motor, as well as in MT  quantum
omputation (Hameroff and Penrose, 1996; Hameroff et al., 2002;
asmussen et al., 1990). For example, since gas particles collide
ith speciﬁc domains within the MT,  and since their speed is
egulated by the precise arrangement of the bubble-shaped com-
artments, they could be involved in an MT  clocking mechanism
Hameroff et al., 1984; Rasmussen et al., 1990). A 3D computational
odeling might conﬁrm the latter mental simulation.
To summarize, MIPs are imagined as a foam organizer, which
mphasizes the probability that MTs  do contain gas. Suspended
IPs are imagined as a diaphragm organizer.
.4. The plausible link between volatile anesthetics and MTs
Multiple  binding sites for anesthetics have been identiﬁed on
he tubulin protein, but the availability of these sites was found
o vary greatly (Craddock et al., 2012). Finally, for Craddock et al.
2012), “it is more likely that these molecules bind in preexisting
on-polar, hydrophobic cavities”.
Volatile anesthetics are logically extremely miscible with oxy-
en and therefore they should enhance the generation of oxygen
ubbles in the solute. The nucleation of bubbles inside cavities is major characteristic of the nucleation of a gas-supersaturated
iquid  (Jones et al., 1999). It has given rise to many experimen-
al observations of bubble formation (Mori and Baines, 2001), such
s Champagne wine (Liger-Belair et al., 2002b). Therefore, I believeion of the references to color in this ﬁgure legend, the reader is referred to the web
that  in the latter hydrophobic cavities as well as between protoﬁl-
aments, volatile anesthetics trigger bubble growth (Fig. 10).
After  the bubble nucleation, and since nanoscaled bubbles have
a huge pressure difference (see Appendices A and B – Laplace’s
law), they are expected to separate protoﬁlaments, and eventu-
ally to destabilize MTs  in opening them out. This is consistent with
observations that anesthetics are weak destabilizers of MTs  under
normal conditions, that is to say with a low level of volatile anes-
thetics per MT.  This is also consistent with the increase in optical
density of MT  polymerization assays in the presence of paclitaxel
or halothane (Craddock et al., 2012). The increase in optical density
is supposed to indicate that the light scatters through an extensive
foam (namely the bubbles centered around anesthetic molecules,
the latter being bound on tubulin protein – see Fig. 10). This is also
consistent with the previous link between the turbidity of an MT
solution (Mandelkow and Mandelkow, 1992) and the brightness of
a  foam, where light is reﬂected in the foam.
I have noted the curious effect of halothane in producing
macrotubules (Hinkley and Samson, 1972; Hinkley, 1976). Some
other anesthetic “gases” (methoxyﬂurane, isoﬂurane, enﬂurane,
tricholoroethylene) also produce macrotubules (Hinkley, 1976).
The anesthetic bubble-induced destabilization of MTs  has to gen-
erate an extensive foam in the bulk. Consequently, quickly after
the MT  breaking, the foam is entrapped into macrotubules, these
enlarge tubular structures being able to support the huge pressure
of a foam-like atmosphere, rather than a microtubule.Last, the Meyer–Overton correlation (Meyer, 1937) shows the
striking correlation between the hydrophobicity and the anesthetic
potency. The more hydrophobic an anesthetic molecule is, the
more it has to nucleate oxygen bubbles according to hydrophobic
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roperties of oxygen, and the more it has to destabilize MTs
hrough shear stress. The latter assumption obviously is an over-
impliﬁcation, since anesthetics have other sites of action such as
on channels or transporters.
The  idea of the anesthetic bubble-induced destabilization of MTs
s straightforward and complies with the lack of speciﬁc binding
ites on MTs.
.  Conclusion
Amazingly, Liger-Belair’s observations on the generation of bub-
les from cellulose ﬁbers in champagne have been the starting
oint of the above considerations. In MTs, the loading of oxygen
rom cytoplasm would occur during the steady-state treadmilling.
he steady assembly and disassembly of MTs  are linked to an anti-
oaming process, buffering oxygen and avoiding the related bubble
ucleation in the cytoplasm.
This  hypothesis is in agreement with the Inventor’s Paradox
rom G. Pólya and its heuristic reasoning (Pólya, 1957): “The more
omprehensive theorem may  be easier to prove, the more gen-
ral problem may  be easier to solve”, although the latter statement
oncerns mathematical problems. However, deciphering the mys-
ery of the MT’s operating mechanism might lead to the possible
esolution of many secondary problems.
Thus, the presence of a meniscus in the MT  ending gives a phys-
cal explanation for the GTP-cap. Further, and for the ﬁrst time,
revious theories on MT  solitonic waves rest on a concrete mech-
nism, namely the shaking of tubulin protoﬁlaments through gas
ollisions. The gas dynamic instability provides a supplementary
riving force in intracellular transport, and a water rail over which
argo vesicles are supposed to glide. Its occurrence in the mitotic
pindle leads to a universal motor for chromosome movement,
hrough Archimedes’ principle. Last, the luminal particles within
Ts are imagined as a foam organizer, leading to new ways of
ddressing the ﬂagella motor. As a heuristic virtous circle, this inno-
ative statement for MTs  resolves major gaps that have arisen in
he current cell oxygen paradigm.
The assumption of the oxygen load in microtubules meets the
rst requirements set out by Popper for a new theory: “The new
heory should proceed from (some) simple, new, and powerful, uni-
ying idea about some connection or relation (. . .)  between hiterto
nconnected things (. . .)  or facts (. . .)  or new “theoretical entities”
 . . secondly we require that the new theory should be indepen-
ently testable” (Popper, 1963). Finally, and according to Kuhn’s
amous words, the conﬁrmation of the load of oxygen in MTs  might
ertainly provide a “paradigm shift” (Kuhn, 1962) in cell biology.
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Graph  2 shows that the volume of gas entrapped by an MT
s time-dependent when the MT  is growing, then steady during18 (2014) 17–30
the  elongation period. During the total observation time, the
steady-state treadmilling has increased the area of the internal MT
interface by up to 40%, but also the internal volume. Hereafter I
present the whole theoretical calculus.
Let S(t) be the area of the internal gas–MT interface. In a ﬁrst
approximation, the MT  internal surface is supposed to be a contin-
uous and smooth cylindrical cavity. Therefore:
S(t) = 2R · l(t) (3)
where  l(t) is the length at time t.
During a t elongation period and for a v mean rate elongation,
the total interface surface generated by the mobile cavity reads as
follows:
S = 2R · v · t  (4)
At  the LMax length, the area is as extensive as possible, then
SMax = 2RLMax.
The  surface ratio generated by the steady-state treadmilling is:
SR =
SMax − S
SMax
(5)
SR = 1 −
v · t
LMax
(6)
Numerical  application: for LMax = 100 m and 2R = 150 A˚
SMax = 4.7 m2
In the paper of Cassimeris et al. (1988), during the 700 s obser-
vation period, I have measured on its graph that t ≈ 500 s. For
v = 7.2 m/min, we  get:
S = 1.7 m2 and SR = 40%
During the total observation time, the steady-state treadmilling has
increased the area of the internal MT  interface by up to 40%, and
also the volume.
Appendix B. The law of Laplace
The law of Laplace gives the pressure difference between a bubble
and the solution:
P  = 2 · 
R
(7)
where  P is the pressure difference across the ﬂuid interface,  the
surface tension (or wall tension) and R the radius.
Mathematically, the presence of a 15–100 A˚  diameter bubble
would exert a pressure difference of ∼ 300 to 2000 atm. However,
Eq. 1 is formally exact, provided the bubble is large enough for  to
be treated macroscopically, and that the thickness of the interface
is much smaller than the radius of the bubble (Goldman, 2009).
The boundary condition for the radius R (R → 0) demonstrates that
a quantum bubble has an almost inﬁnite pressure difference, which
represents in reality the repulsive forces originating from the elec-
tron cloud of the atom toward the solvent molecules; no particle
may penetrate beside this inﬁnitesimal radius. Therefore, the lat-
ter calculi about the pressure difference in minute bubbles or in the
MT,  are not physically granted, they are just an order of magnitude
that depicts the huge pressure exerted by nanoscaled bubbles.
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